Small cell lung cancer (SCLC) is an aggressive malignancy distinct from non-small cell lung cancer (NSCLC) in its metastatic potential and treatment response. Using an integrative proteomic and transcriptomic analysis, we investigated molecular differences contributing to the distinct clinical behavior of SCLCs and NSCLCs. SCLCs showed lower levels of several receptor tyrosine kinases and decreased activation of phosphoinositide 3-kinase (PI3K) and Ras/ mitogen-activated protein (MAP)/extracellular signal-regulated kinase (ERK) kinase (MEK) pathways but signifi cantly increased levels of E2F1-regulated factors including enhancer of zeste homolog 2 (EZH2), thymidylate synthase, apoptosis mediators, and DNA repair proteins. In addition, PARP1, a DNA repair protein and E2F1 co-activator, was highly expressed at the mRNA and protein levels in SCLCs. SCLC growth was inhibited by PARP1 and EZH2 knockdown. Furthermore, SCLC was significantly more sensitive to PARP inhibitors than were NSCLCs, and PARP inhibition downregulated key components of the DNA repair machinery and enhanced the effi cacy of chemotherapy. SIGNIFICANCE: SCLC is a highly lethal cancer with a 5-year survival rate of less than 10%. To date, no molecularly targeted agents have prolonged survival in patients with SCLCs. As a step toward identifying new targets, we systematically profi led SCLCs with a focus on therapeutically relevant signaling pathways. Our data reveal fundamental differences in the patterns of pathway activation in SCLCs and NSCLCs and identify several potential therapeutic targets for SCLCs, including PARP1 and EZH2. On the basis of these results, clinical studies evaluating PARP and EZH2 inhibition, together with chemotherapy or other agents, warrant further investigation. Cancer Discov; 2(9); 798-811.
INTRODUCTION
Small cell lung cancer (SCLC) accounts for 13% of lung cancers in the United States ( 1 ) . Compared with the more common non-small cell lung cancer (NSCLC), SCLC is characterized by more aggressive behavior with a faster doubling time, higher growth fraction, and more rapid development of metastasis. These differences in clinical behavior are also refl ected in distinct responses to treatment. Compared with NSCLC, SCLC is more responsive to chemotherapy and radiation initially but relapses quickly with treatment-resistant disease. As a result, outcomes remain dismal, with a 5-year survival rate of less than 10% ( 1 ) .
Despite low overall response rates to standard chemotherapy, subsets of patients with NSCLCs with EGF receptor (EGFR) mutations or EML4-ALK fusions are highly responsive to targeted therapies (2) (3) (4) (5) (6) . In SCLCs, genomic aberrations have been identifi ed, including Rb loss ( 7, 8 ) , c-Kit overexpression ( 9, 10 ) , telomerase activation ( 11 ) , c-Myc amplifi cation ( 12 ) , and p53 mutation (13) (14) (15) . However, attempts to target these clinically have had limited success to date. Improved characterization of differences in signaling pathways between SCLCs and NSCLCs could identify novel therapeutic targets for SCLCs.
Previous gene expression studies have shown marked differences in mRNA profi les between SCLCs and NSCLCs (16) (17) (18) (19) . In the current study, however, we have conducted an integrative analysis to systematically assess the activation of critical intracellular signaling pathways and potential therapeutic targets using reverse-phase protein arrays (RPPA) and other approaches. Unlike gene expression profi ling, RPPA enables high-throughput, quantitative assessment of both total and post-translationally modifi ed proteins. Because most drugs act on protein effectors, proteomic profi ling may be better able to identify targets that could be directly modulated by emerging or currently available therapeutics.
Here, we assess the expression of 193 total and phosphoproteins in 34 SCLC and 74 NSCLC cell lines to identify proteins and pathways differentially regulated in SCLCs and NSCLCs. This study represents the most comprehensive protein profi ling of SCLCs to date, both in terms of number of cell lines and number of pathway proteins assessed. Among the proteins overexpressed in SCLCs, PARP1 was selected for further investigation on the basis of its potential as a therapeutic target. We analyzed PARP1 mRNA and protein expression levels in patient tumors and tested the effect of a PARP inhibitor, alone and in combination with chemotherapy, in cell lines.
A panel of 34 SCLC and 74 NSCLC cell lines was profi led by RPPA to identify differences in key oncogenic proteins and pathways. Protein targets analyzed included several tyrosine kinases, downstream pathways such as the PI3K/ Akt/mTOR, Ras/Raf/MEK, LKB1/AMPK, and JAK/STAT pathways, as well as proteins involved in apoptosis, DNA repair, and epithelial-mesenchymal transition. The SCLC panel included cell lines with RB1 , PTEN , and TP53 deletions and/or mutations ( Supplementary Table S1 ). The NSCLCs included several histologic subtypes, including adenocarcinoma and squamous lines, as well as EGFRand KRASmutated lines ( Supplementary Table S2 ). To control for the possible effect of culture conditions on protein expression, protein lysates were collected from each cell line under 3 media conditions: 10% serum for 24 hours, 0% serum for 24 hours, and serum stimulation for 30 minutes before cell lysis.
Unsupervised hierarchical clustering of the cell lines based on their overall expression of 193 total and phosphoproteins separated SCLCs from NSCLCs at the fi rst major branch of the cluster dendrogram ( Fig. 1A ) . Similarly, fi rst principal component analysis separated SCLCs and NSCLCs on the basis of their distinct protein profi les ( Fig. 1B ). An ANOVA was conducted to identify the proteins most differentially expressed between SCLCs and NSCLCs. Mean expression levels of 55 proteins differed by ≥1.5-fold between SCLC and NSCLC lines, independent of media condition, at a false discovery rate of ≤1% ( P < 0.038; Fig. 1C and D ). Notably, a large cell neuroendocrine carcinoma (LCNEC) cell line (H1155) and a large cell lung cancer cell line (H1770) were grouped with SCLCs on the basis of their similar protein profi les.
Several proteins known to be dysregulated in SCLCs were also assessed. Consistent with previous studies, we found higher c-Kit expression (9.67-fold higher mean expression in SCLC vs. NSCLC), Bcl-2 (4.03-fold), and stathmin (3.18-fold) in SCLC ( P < 0.0001 for all, P values for fold change calculated from the t statistic). Similarly, we observed relatively lower levels of total and phospho-Rb (−2.55 and −2.64-fold relative expression, respectively, P < 0.0001 for both) in SCLCs, as compared with NSCLC lines, and relatively higher E2F1 expression (2.06-fold higher in SCLC, P < 0.0001). Although the highest total c-Myc protein expression across all cell lines was in a c-Myc-amplifi ed SCLC line, mean total c-Myc was higher in NSCLCs whereas phospho-c-Myc (T58; associated with c-Myc degradation) was 1.35-fold higher in SCLCs.
Presumably, as a result of Rb loss and subsequent release of E2F1 repression, expression of several E2F1 targets was significantly higher in SCLCs than in NSCLCs, including several not previously described, such as thymidylate synthase (1.45-fold, P < 0.0001), enhancer of zeste homolog 2 (EZH2) (1.50-fold, P < 0.0001), and several DNA repair and apoptosis proteins. Notably, mean levels of total PARP1 (a DNA repair protein and E2F1 co-activator) were 2.06-fold higher in SCLC cell lines than in NSCLC cell lines (with a corresponding P < 0.0001 by t test). RPPA results for total PARP1 protein were confi rmed by Western blotting in a subset of SCLC and NSCLC cell lines ( Supplementary Fig. S1 ). Other DNA repair proteins more highly expressed in SCLCs included Chk2 (1.51-fold higher), ATM (1.59-fold), DNA PKcs (1.69-fold), proliferating cell nuclear antigen (PCNA; 1.56-fold), and 53BP1 (1.99-fold; P < 0.0001 for all; Tables 1 and 2 ; Supplementary Table S3 ). In addition to Bcl-2, apoptotic markers higher in SCLCs than in NSCLCs included cleaved PARP (4.24-fold), BIM (2.57-fold), and BAX (1.64-fold; P < 0.0001 for all). Of note, although both cleaved and total PARP1 were higher in SCLCs, there was no signifi cant difference in the ratio of cleaved to total PARP between SCLCs and NSCLCs ( P > 0.3).
EGFR, PI3K/Akt/mTOR Pathway, and Receptor Tyrosine Kinase Signaling in SCLCs
In contrast to SCLCs, NSCLCs had higher total/phospho-EGFR (both were 1.7-fold higher in NSCLCs), as well as higher levels of other receptor tyrosine kinases (RTK) that heterodimerize with EGFR, including p-Her2 (1.5-fold), total/phospho-c-Met (2.5-and 3.4-fold), and total/phospho-Axl (1.8-and 1.3-fold; P ≤ 0.02, computed from t statistic). Proteins in pathways downstream of EGFR/RTK signaling were also expressed at lower levels in SCLCs, including the PI3K/Akt/mTOR, Ras/Raf/MEK, and JAK/Src/STAT pathways ( Fig. 1D ) .
In NSCLC lines, we observed elevated expression of PI3K/ Akt/mTOR pathway proteins, including p-Akt (1.5-fold higher in NSCLCs), and its downstream targets, phospho-p70S6K (1.3-fold), phospho-S6 (S240/242; 2.7-fold), and phospho-S6 (S235/236; 3.17-fold; P ≤ 0.0005). In contrast, SCLCs showed greater expression of targets normally inhibited by Akt (e.g., GSK3, AMPK, p21, and apoptosis proteins) further suggesting decreased Akt pathway activity in SCLCs ( Fig. 1D ) . Similarly, activation of the AMPK pathway, a negative regulator of mTOR, was seen more in SCLCs than in NSCLCs, with higher levels of p-AMPK (1.4-fold), LKB1 (1.4-fold), and pTSC2 (1.2-fold; P ≤ 0.004). Other proteins with higher expression in NSCLCs than in SCLCs included those in the Wnt/Hedgehog/Notch pathway (e.g., E-cadherin, β-catenin, Notch3) and epithelial tumor markers (e.g., fi bronectin).
Validation of SCLC Protein Markers at the mRNA Level in Cell Lines and Tumors
We then compared the mRNA levels for genes corresponding to the total proteins identifi ed by our analysis as differentially expressed in SCLCs versus NSCLCs. As expected, hierarchical clustering separated SCLC cell lines from NSCLC cell lines on the basis of differential mRNA expression of these genes ( Fig. 2A ). Among the DNA repair proteins, PARP1 had the greatest differential mRNA expression between SCLCs and NSCLCs ( P < 0.0001 by t test; Fig. 2B ). Other potentially druggable targets identifi ed by RPPA that were more highly expressed at the mRNA level in SCLC included EZH2, Bcl-2, PRKDC (DNA PKcs), and PCNA ( Fig. 2B , Supplementary  Table S4 ). Using publicly available data, we then analyzed PARP1 expression across a panel of 318 cell lines from 30 cancer types ( corresponding to the total proteins dysregulated in SCLCs. B, potentially druggable targets identifi ed by RPPA that were also more highly expressed at the mRNA level in SCLCs included PARP1, EZH2, Bcl-2, PRKDC (DNA PKcs), and PCNA. C, PARP1 mRNA expression was higher in SCLC cell lines than in other solid tumor cell lines. D, mRNA expression of potential drug targets was higher in SCLC tumors than in NSCLC tumors or normal lung. SCC, squamous cell carcinoma.
Moreover, among individual cell lines, an SCLC cell line had the highest PARP1 expression of all solid tumor lines, including breast and ovarian cells. Finally, we compared mRNA levels in patient tumors. Despite a limited number of SCLC tumor profi les available, 20 of the genes tested were expressed at signifi cantly different levels between SCLCs and NSCLCs ( P < 0.05 by t test), 9 of which were signifi cantly different at P < 0.001 ( Supplementary Table S5 ). Consistent with the cell line data, PARP1 mRNA was signifi cantly higher in SCLC tumors compared with NSCLC tumors ( P = 0.005) or normal lung ( P ≤ 0.001; 2-sided t test), as were EZH2 , Bcl-2 , PRKDC , and PCNA ( Fig. 2D ).
PARP1 Protein Expression in SCLC and Other Neuroendocrine Lung Tumors
Among proteins with elevated expression in SCLCs, several are potential drug targets including PARP1, EZH2, Chk1/2, DNA PKcs, and PCNA. Among these, we further investigated PARP1 because it was expressed at the highest relative levels among the DNA repair proteins and because PARP1 plays an independent role as an E2F1 co-activator ( 21, 22 ) , suggesting that its inhibition may have a dual role, with direct effects on DNA repair and on other E2F1-regulated DNA repair proteins. Clinical trials with PARP inhibitors in breast and ovarian cancer have shown promise, particularly in patients with underlying defects in DNA repair or with platinum-sensitive tumors ( 23, 24 ) . Because most SCLC tumors are highly sensitive to platinum-based treatment, PARP inhibitors may, therefore, be active in SCLCs. We also tested the effect of siRNA targeting of EZH2, a second potential therapeutic target with drugs currently being developed for cancer treatment.
To confi rm elevated PARP1 protein expression in tumors from patients with SCLCs, we used immunohistochemical (IHC) analysis to measure total PARP1 in tissue microarrays of SCLCs and other neuroendocrine tumors (LCNEC, atypical carcinoid, typical carcinoid) and compared them with adenocarcinoma and squamous NSCLC tumors. Staining was scored on the basis of the percentage of cells staining positive (0%-100%) times the staining intensity (0-3+), for a total possible score of 300. In neuroendocrine lung tumors, total PARP1 protein levels correlated with the degree of differentiation. The highest levels were seen in SCLC ( n = 12, mean IHC score = 262) and LCNEC tumors ( n = 20, mean IHC score = 237). Intermediate levels were seen in atypical carcinoid ( n = 9, mean IHC score = 230) and typical carcinoid tumors ( n = 55, mean IHC score = 197; Fig. 3A and B ) . In contrast, PARP1 expression was signifi cantly lower in NSCLCs with squamous ( n = 15, mean IHC score = 120) and adenocarcinoma histologies ( n = 24, mean IHC score = 104). PARP1 IHC expression was signifi cantly higher in SCLCs than in squamous carcinoma ( P = 2.3 × 10 −4 ) or adenocarcinoma ( P = 3.2 × 10 −6 by ANOVA) but was not different between SCLCs and other neuroendocrine lung tumors ( P = 0.11-0.94). There was no correlation between total PARP1 expression and Ki67 expression in SCLC or LCNEC tumors ( P = 0.50 and 0.82, respectively, by Spearman rank correlation), suggesting that increased PARP1 is not a surrogate marker of increased proliferation.
Effect of PARP Inhibition on Lung Cancer Cell Lines
We then tested the effect of PARP inhibition with AZD2281 in vitro . To confi rm the inhibition of PARP1 activity by AZD2281, we treated SCLC cell lines H69, H82, and H524, the neuroendocrine lung cancer cell line H1155, and the NSCLC cell line A549 with AZD2281 for 24 hours and then measured poly [ADP-ribose (PAR)] levels by ELISA. In all cell lines tested, AZD2281 signifi cantly reduced PAR levels in a dose-dependent manner, indicating inhibition of PARP1 activity ( Fig. 4A ). Because A549 is resistant to AZD2281 (as described below), these results suggest that target inhibition alone is not suffi cient for cell line sensitivity.
In 35 lung cancer cell lines treated with increasing concentrations of AZD2281, we observed the greatest drug sensitivity in SCLC cell lines, with IC 50 values <2 μmol/L for H82 and H69 and <5 μmol/L for H524, H526, and H2107 ( Fig. 4B ). H1155, a LCNEC cell line with a protein signature similar to SCLCs, was moderately sensitive to AZD2281 in the 5-day assay with an IC 50 value of 5.6 μmol/L. In contrast, the majority of NSCLC cell lines had IC 50 values >60 μmol/L. Interestingly, the one SCLC line that was relatively more resistant to AZD2281, H841, had an NSCLC-like protein 
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expression pattern and clustered in the middle of the NSCLC lines in Fig. 1 .
We further evaluated the effect of AZD2281 as well as an additional PARP inhibitor, AG014699, on in vitro growth in a subset of cell lines after 14 days of treatment. Consistent with the results described above, SCLC cell lines were highly sensitive to 14-day PARP inhibition by AZD2281 with IC 50 values of ≤2 μmol/L in all SCLC lines except H841 ( Fig. 4C ). Similar to H1155 in the 5-day study, another LCNEC cell line (H1299) showed intermediate sensitivity with an IC 50 of 3.7 μmol/L. SCLCs and LCNECs were also highly sensitive to 14 days of treatment with AG014699, a highly specifi c PARP1 inhibitor ( Fig. 4C ) . Consistent with the AZD2281 data, SCLC cell lines were highly sensitive to AG014699 (IC 50 <0.5 μmol/L for H82, H69, and H524 and 2.2 μmol/L for H526 and H841) and the NSCLC cell line A549 was resistant (8.6 μmol/L). IC 50 values are listed in Supplementary Table S6 .
Because BRCA1/2 mutations and PTEN loss are associated with greater sensitivity to PARP inhibition in breast and ovarian cancer, we also tested the sensitivity of a BRCA1 -mutated breast cancer cell line (HCC1395) and a PTEN -mutant breast cancer line (MDA-MB-468) as positive controls. Although the breast cancer lines were sensitive to both PARP inhibitors, SCLC cell lines were as sensitive or more sensitive in comparison ( Fig. 4C ). Because drug inhibitors may inhibit more than one target and because our analysis indicated that EZH2 and CHK1 may also be useful targets in the treatment of SCLCs, we targeted the expression of these proteins by siRNA as well. For PARP1, knockdown was confirmed by Western blotting as shown in Fig. 4D . Three independent siRNAs directed against PARP1 inhibited the proliferation of H69 (SCLC) cells. In contrast, there was no change in cell proliferation when we treated A549 (NSCLC) cells (PARP inhibitor-resistant) with multiple siRNAs targeting PARP1. In H69, knockdown of EZH2 also decreased cell growth compared with controls (mock transfected or scrambled siRNA; Fig. 4D ). However, we did not observe an effect with CHK1 siRNA (data not shown).
Because NSCLC tumors expressed a range of PARP1 levels ( Fig. 3A ) and were higher than normal lung ( Fig. 2D ) , we investigated whether PARP1 protein levels correlated with sensitivity to PARP inhibition. IC 50 values for AZD2281 in SCLC and NSCLC cell lines (including high-grade neuroendocrine) were correlated with protein expression levels by Spearman correlation. Higher PARP1 levels correlated with signifi cantly greater sensitivity to AZD2281 (lower IC 50 s; r = −0.48, P = 0.006). Other proteins that correlated with AZD2281 sensitivity included E2F1 ( r = −0.35, P = 0.046) and several E2F1 targets, including EZH2 ( r = −0.65, P < 0.001), pChk1 ( r = −0.59, P < 0.001), and ATM ( r = −0.52, P < 0.001; Supplementary Fig. S2 ).
RAD51 Foci Formation in SCLC and Protein Modulation Following PARP Inhibition
The sensitivity of SCLCs to PARP inhibition suggests that there may be defects of DNA repair, particularly for double-strand breaks. To evaluate this further, we assessed radiation-induced RAD51 foci formation in A549, H69, and H82 cells using immunofl uorescence staining. Our results show that in a PARP-resistant NSCLC cell line (A549), the percentage of cells expressing RAD51 foci increases after radiation, peaking at 6 hours, suggesting induction of DNA damage. However, at 18 hours after radiation and beyond, the damage is repaired, as refl ected by reduction in RAD51 foci formation to baseline levels ( Fig. 5A ). For SCLCs (H69 and H82), however, RAD51 foci levels remained elevated at 24 hours (and were higher than unirradiated control samples). These results suggest that SCLCs may have a defi ciency in DNA repair which could contribute to their sensitivity to PARP inhibitors ( 25 ) . 
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We then conducted RPPA on SCLC cell lines following treatment with AZD2281 or AG014699 to investigate protein modulation following PARP inhibition ( Fig. 5B and C ). These data show a time-dependent downregulation of RAD51 ( P < 0.001) and other DNA repair proteins after PARP inhibition that was maximally apparent at 14 days. These observations support our hypothesis that inhibition of PARP in SCLCs may suppress E2F1-mediated expression of several DNA repair proteins (due to its role as an E2F1 co-activator) which, in turn, may contribute to further DNA repair defi ciency and account for the sensitivity of SCLC to these drugs.
Combined PARP Inhibition and Chemotherapy
AZD2281 leads to double-strand DNA breaks, as do the chemotherapeutics cisplatin and etoposide, the standard frontline agents for SCLC treatment. We therefore evaluated the effects of these agents in combination. H82 cells were treated with 1 μmol/L AZD2281 for 7 days. Cisplatin and etoposide were added, and the cells were incubated for an additional 7 days and counted. Treatment with either chemotherapeutic or with AZD2281 alone reduced the cell count by approximately 60% compared with control cells ( P < 0.05; Supplementary Fig. S3 ). The cell count after treatment with chemotherapy plus AZD2281 was approximately 80% lower than in control cells and was signifi cantly lower than the cell count after treatment with AZD2281 alone ( P < 0.05 for both). We observed a similar trend in H69 with the combination of AZD2281 and cisplatin/etoposide, although this did not reach statistical signifi cance (Supplementary Fig. S3 ). Treatment of H69 cells with AZD2281 in combination with irinotecan, another chemotherapeutic commonly used in the treatment of SCLCs, also resulted in a greater decrease in tumor cell viability than either agent alone ( P = 0.03 AZD2281/irinotecan vs. control; P = 0.007 AZD2281/irinotecan vs. irinotecan alone).
DISCUSSION
In this study, we used proteomic and gene expression profi ling to identify pathways dysregulated in SCLCs. We discovered higher expression of several E2F1-regulated proteins (e.g., EZH2, DNA repair, and apoptosis proteins) and PARP1, an E2F1 co-activator ( 21, 22 ) . Conversely, our study revealed that EGFR, its associated RTKs (e.g., Her2, c-Met, Axl), and downstream targets in the PI3K/Akt/mTOR pathway and the RAS/Raf/MEK pathway were expressed at lower levels in SCLCs. Our analysis also detected known abnormalities in SCLCs, such as c-Kit and Bcl-2 overexpression and Rb loss.
Loss of the RB1 gene is a hallmark of SCLCs. Consistent with this, in our study, total and phospho-Rb protein expression was reduced or absent in SCLCs. Given that Rb is known to inhibit the transcription factor E2F1, this loss of Rb activity is a likely explanation for the observed increases in protein expression of E2F1 and E2F1 targets in SCLCs. To our knowledge, this study represents that fi rst time several of these E2F1 targets have been shown to be highly expressed in SCLCs. These fi ndings have potentially important clini-cal implications because of their role in drug resistance or as druggable targets. For example, thymidylate synthase has been implicated in pemetrexed resistance in patients with NSCLCs (26) (27) (28) . Its high expression may account for the inferior outcomes in patients with SCLCs treated with pemetrexed plus carboplatin, compared with etoposide with carboplatin in a phase III clinical trial ( 29 ) . EZH2 and Chk1 are other E2F1 targets highly expressed in SCLC cells ( 30, 31 ) and are both being explored as therapeutic targets in other malignancies ( 32, 33 ) . Our data suggest they merit further investigation in SCLCs as well.
Of the potential therapeutic targets identifi ed, we have fi rst investigated PARP1 for 2 reasons. First, several PARP inhibitors are in advanced stages of clinical development for other tumor types. In breast and ovarian cancer clinical trials, data suggest that PARP inhibitors have increased activity in platinum-sensitive tumors, making PARP an attractive candidate for SCLCs, which are highly platinum sensitive ( 24 ) . Second, PARP1 acts as an E2F1 co-activator, hence PARP inhibition could act by either directly blocking the repair of double-strand DNA breaks or by inhibiting the expression of E2F1-regulated DNA repair proteins, which would further impair DNA repair and potentially enhance the effi cacy of therapies inducing double-strand breaks. We confi rmed high PARP1 expression at the mRNA level in SCLCs and at the protein level in a tissue microarray of neuroendocrine tumors. High PARP1 expression was also detected in patient tumors with neuroendocrine histologies (SCLCs, LCNECs), whereas moderately high expression was seen in differentiated neuroendocrine tumors.
Previous studies suggest that PARP inhibitors are synergistic with radiation therapy or DNA-damaging drugs, such as topoisomerase inhibitors ( 34, 35 ) . Therefore, we tested the effect of PARP inhibition alone and in combination with cisplatin and etoposide or irinotecan. We found that AZD2281 and AG014699 had single-agent activity in SCLCs and LCNECs, but not in most non-neuroendocrine NSCLC cell lines, and that PARP1 levels correlated with PARP inhibitor sensitivity. Strikingly, SCLC cells were as sensitive or more sensitive than 2 breast cancer cell lines tested that had BRCA1 or PTEN mutations. When combined with chemotherapy, AZD2281 further reduced SCLC viability relative to treatment with either single agent alone.
Consistent with our hypothesis that PARP inhibitor sensitivity is mediated, in part, through its effect on E2F1, when we measured protein expression after PARP inhibitor treatment, we observed decreased expression of multiple E2F1 targets (RAD51, PCNA, and others). Although there was a trend toward decreased BRCA1 levels after PARP inhibition, this was less signifi cant than the modulation of other DNA repair proteins, suggesting that the mechanism of PARP inhibition is not dependent on BRCA1 specifi cally but may lead to a BRCA-like phenotype by decreasing expression of multiple DNA repair proteins. The abnormal RAD51 foci formation also suggests that SCLCs may have some underlying defect in homologous recombination at baseline and warrants further investigation. Interestingly, Garnett 
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be multiple mechanisms through which PARP inhibitors may be effective ( 36 ) .
Our analysis also suggests that EGFR, Her2, c-Met, and other cell surface RTKs are present at lower levels in SCLCs, accompanied by decreased activation of downstream signaling pathways (PI3K/Akt and Ras/Raf/Mek). Consistent with these observations, inhibitors of EGFR and mTOR have not shown signifi cant clinical activity in SCLCs ( 37, 38 ) . These data suggest that approaches targeting PI3K/Akt/ mTOR and Ras/Raf/MEK pathways may be more effective for NSCLCs than for SCLCs, although we cannot rule out the possibility that these pathways may be activated in subsets of SCLCs.
This study allowed us to leverage the proteomic differences between SCLCs and NSCLCs to elicit the biology underlying the distinct clinical behavior of SCLCs. However, because we directly compared protein expression between SCLCs and NSCLCs, we may have missed important pathways or targets that are highly expressed in both cancer types. Future studies comparing SCLCs with normal lung or a larger panel of tumor types may unravel additional pathways active in SCLCs.
In conclusion, we applied proteomic profi ling of lung cancer lines to identify important differences in signaling pathways that differentiate SCLCs from NSCLCs. We identifi ed several possible therapeutic targets regulated by E2F1, including PARP1, suggesting this pathway may be critical for SCLCs. Preclinical testing confi rmed the sensitivity of SCLCs to a PARP1 inhibitor, supporting it as a potential target in SCLCs. Clinical studies evaluating the combination of PARP1 inhibition with chemotherapy and other agents in SCLCs merit further investigation and are currently in development.
METHODS

Cell Lines
Thirty-four SCLC, 74 NSCLC, and 2 breast cancer cell lines were provided by Dr. Minna (The University of Texas Southwestern, Dallas, TX) or obtained from American Type Culture Collection (ATCC). Cells were grown in RPMI unless otherwise specifi ed by ATCC (Supplementary Tables S1 and S2). DNA fi ngerprinting was used to confi rm the identity of each cell line at the time of total protein lysate preparation, as described in Supplementary Information.
RPPA Preparation and Analysis
Protein lysate preparation from subconfl uent cultures, RPPA printing, and data analysis were conducted as detailed in Supplementary Information.
Gene Expression Analysis of SCLC Cell Lines and Primary Tumors
NSCLC and SCLC cell line microarray results were previously published and archived at the Gene Expression Omnibus repository (GEO accession GSE4824; refs. 39-42 ). To compare the cell lines of different tumor types, we analyzed the gene expression data of 318 cell lines arrayed by GlaxoSmithKline on Affymetrix Human Genome U133 Plus 2 arrays (Affymetrix). We downloaded array data (.CEL fi les) from ArrayExpress ( 20 , 43 ) and used quantile normalization and a robust multi-array average algorithm to process the raw data for all 950 unique samples (30 Gb) in a single run. Cell lines were rank-ordered by their PARP1 mRNA expression.
Gene expression profi les from the International Genomics Consortium were used to assess PARP1 in 30 solid tumors ( 44 ) . Profi les of 2,156 tumors arrayed on the Human Genome U133 Plus 2 platform (Affymetrix; .CEL fi les) were downloaded from the GEO (GSE2109; ref. 39 ). Raw data of 2,156 samples (65 Gb) were processed in a single run using quantile normalization and a robust multi-array average algorithm.
Analysis of PARP1 Levels and Activity
A tissue microarray was constructed from patients with lung cancer and IHC analysis was conducted for PARP1. PARP1 activity was evaluated using a PAR assay, and cell growth for the PARP inhibitors AZD2281 and AGO14699 was tested in an MTS assay. For siRNA, cells were transfected with control siRNA or siRNAs targeting PARP, EZH2, and CHK1 and then plated for cell growth assays with viability measured at days 1 and 5. Details about these methods are described in Supplementary Information.
